The digestive system of Ceratitis capitata was characterized during its larval development and in the insect stage. Disaccharidases against maltose and sucrose were more evident in the 2nd and 3rd day of larval development and in the adult stage, respectively. Glycosil-hydrolyses with higher specific a-galactosidasic and b-galactosidasic activities were detected in the 2nd and 3rd day of the larval stage, respectively. Specific proteolytic activities against azocasein showed an increase in the 4th and 5th day of the larval stage and in the adult stage. Specific hemoglobin activities were constant between 2nd and 6th day of the larval stage. The larvae used mainly serine proteinases, such as trypsin/chymotrypsin, and the adult insects only chymotrypsin-like enzymes in their digestive process. Two serine proteinases were separated from zymogram between the 4th and 5th day of larval development and in the adult stage. Effect of soybean trypsin inhibitor (SBTI, a serine proteinase inhibitor) on development of C. capitata was examined by bioassay. C. capitata was susceptible to SBTI which affected larval mass at ED 50 3.01%. r
Introduction
Various species belonging to the genus Anastrepha and Ceratitis are widely distributed pests in temperate and tropical areas. These insects cause significant negative economic effects on fruit culture areas, being arguably the world's most threatening agricultural pest, attacking over 200 different fruits, vegetables, and nuts (Shepard et al., 1992; McPheron et al., 1994) . Among these species, Ceratitis capitata is found worldwide, tolerating cooler climates better than most other species of tropical fruit flies (Krainacker et al., 1987; Fletcher and Prokopy, 1991) . C. capitata, a notorious pest of quarantine importance because of its extremely wide host range (Liquido et al., 1991) , invariably causes economic damage if left uncontrolled.
Plant proteinase inhibitors, a-amylase inhibitors, lectins and chitin binding proteins are usually expressed in response to herbivore insects, pathogens and wounding (Ryan, 1990; Botella et al., 1996; Koiwa et al., 1997; Sales et al., 2001 ) and may affect development by interfering in the proteolytic processes of a wide range of potentially damaging organisms, including bacteria, fungi, nematodes (Haq et al., 2004) and insects (Terra and Ferreira, 1994; Pompermayer, et al., 2001; Falco and Silva-Filho, 2003). The effects on insects can be observed when digestive enzymes are inhibited or when defense proteins bind to the gut structures of larvae and insects (XavierFilho, 1993) .
Currently, one of the most important aspects of pest control is the selective inhibition of the digestive enzymes of many insect pests, because the digestive tube is the main interface region between insects and the environment, given that nutrition is a decisive factor in the evolutionary process of these organisms. These attempts seek to produce detrimental effects on larval and insect growth by preventing the digestion and assimilation of nutrients, retarding their development and causing death. Therefore, the first step in achieving a control strategy based on the use of bioinsecticides or in transgenic plants expressing plant inhibitor genes, involves characterizing gut enzymes from larvae and insect targets, followed by in vivo bioassays.
In this study, we have reported the detection and classification of digestive enzymes present during fruit fly (C. capitata) development and have examined the effect of soybean trypsin inhibitor (SBTI) on mass decrease and mortality of C. capitata in bioassays.
Material and methods

Chemicals
All substrates, enzymes, and inhibitors were purchased from Sigma Chemical Co. (St. Louis, MO). Electrophoresis chambers and reagents were obtained from Bio-Rad Laboratories (Richmond, CA).
Insects
C. capitata larvae were reared on Carica papaya fruits in plastic boxes at a temperature of 25-30 1C and relative humidity of 70-80%. A laboratory colony was maintained with insects obtained from Departamento de Biologia Celular e Gene´tica of the Universidade Federal do Rio Grande do Norte.
Preparation of larval and insect gut homogenates
Fifty Larvae from the 4th to 6th day of development and 50 adult insects were dissected in 0.15 M NaCl and the guts homogenized in 50 mM Tris-HCl buffer pH 8.0 in a glass homogenizer. The homogenate was centrifuged at 10,000 Â g for 30 min at 4 1C and the clear supernatant was used in enzyme assays. All homogenates were freshly prepared. Fifty larvae at 1, 2 and 3 days of development were totally homogenized in the same buffer, the homogenate was centrifuged at 10,000 Â g for 30 min at 4 1C, and the clear supernatant was used in carbohydrase and proteolytic enzyme assays.
Protein determination
Protein concentration was estimated by the method developed by Bradford (1976) , using bovine serum albumin as the standard.
Carbohydrase assays
Carbohydrase enzyme activity was determined by estimating the p-nitrophenol (PNP) freed by hydrolysis of the corresponding p-nitrophenyl conjugates used as substrates: PNPaglu, PNPbglu, PNPagal, PNPbgal, PNPaman, PNPbman in 0.1 M sodium acetate buffer pH 5.5 with 3 mM NaCl. Aliquots (5 ml) of 3 mM substrate solution plus 50 ml of homogenates and 450 ml of sodium acetate buffer were incubated at 37 1C, for 10 min. The reaction was stopped by addition of 130 ml of 30% (p/v) acetic acid solution. The amount of pnitrophenol liberated was estimated by absorbance at 405 nm. One activity unit (AU) was defined as the amount of enzyme activity that increased absorbance by 0.01 at 405 nm.
Activities toward disaccharides (sucrose, maltose and lactose) and polysaccharides (inulin and starch) were determined by the Bernfeld method (1955) as modified by Baker et al. (1983) . All assays were performed in triplicate.
Proteolytic enzyme assays
Azocaseinase activity: Aliquots of 50 ml of homogenates were incubated with 450 ml of appropriate buffer (50 mM Tris-HCl, 20 mM CaCl 2, pH 8.0) and 500 ml of 1.5% azocasein solution, at 37 1C for 30 min. The reaction was stopped by the addition of 150 ml of 20% TCA solution. Samples were centrifuged at 10,000 Â g for 10 min and supernatants alkalinized with 0.2 N NaOH solution. The soluble peptides were measured by absorbance at 440 nm. One activity unit (AU) was defined as the amount of enzyme activity that increased absorbance by 0.01 at 440 nm. All the assays were performed in triplicate.
Hemoglobinase activity: Aliquots of 100 ml of homogenates were incubated with 50 ml of appropriate buffer (0.2 M sodium acetate buffer pH 4.5) and 500 ml of 1.0% hemoglobin solution at 37 1C for 60 min. The reaction was stopped by the addition of 100 ml of 40% TCA solution. Samples were centrifuged at 10,000 Â g for 10 min and supernatants alkalinized with 2.0 N NaOH solution. The supernatants were submitted to Folin's method, modified by Lowry et al. (1951) and soluble peptides were measured by absorbance at 750 nm. One activity unit (AU) was defined as the amount of enzyme activity that increased absorbance by 0.01 at 740 nm. All the assays were performed in triplicate.
2.7. Determination of azocaseinase and hemoglobinase activities at different pH in larval gut on the 5th day of development Acid proteinase activities were determined using hemoglobin as substrate and 50 mM acetate buffer (pH 3.0, 3.5, 4.0, 4.5, 5.0 and 5.5). The basic proteinase activities were determined using azocasein as substrate and 50 mM acetate buffer (pH 4.5, 5.0 and 5.5), 50 mM phosphate buffer (pH 6.0, 6.5 and 7.0), 50 mM Tris-HCl buffer (pH 7.5, 8.0, 8.5, 9 .0 and 9.5), and 50 mM glycine-NaOH buffer (pH 10.0, 10.5, 11.0, 11.5 and 12.0). The mixture was assayed for protease activity as previously described.
Proteinase inhibitory assays
Proteinases in larval gut on the 5th day of development were classified according to their sensitivity to specific inhibitors: serine proteinase; cysteine proteinase; metal proteinases, and aspartic proteinases. The inhibitors used and their final concentrations in assays were: 1 mM PMSF (phenylmethylsulfonyl fluoride, a serine protease inhibitor); 3 mM SBTI (soybean trypsin inhibitor, a serine proteinase inhibitor), 0.1 mM TLCK (N-p-tosyl-l-lysine chloromethyl ketone, a trypsin inhibitor), 0.1 mM TPCK (N-tosyl-l-phenylalanine chloromethyl ketone, a chymotrypsin inhibitor), 0.1 mM IA (iodoacetamide, a cysteine proteinase inhibitor), 0.01 mM E64 (trans-epoxysuccinylleucylamido-(4-guanidino)butane, a cysteine proteinase inhibitor), 0.01 mM PA (pepstatin A, a aspartic proteinase inhibitor), 0.1 mM 1,10-Phenanthroline (a metal proteinase inhibitor). These inhibitors were solubilized in appropriated solvents (Beynon and Bond, 1996) . Enzyme extracts (50 ml of gut extract from larval gut on the 5th day of development) were mixed with 450 ml of appropriate buffers, specific for each enzyme class, and pre-incubated for 10 min at 37 1C. The mixture was assayed for protease activity as previously described. The protease assay includes an internal control for inhibition caused by solvents. Average inhibition is expressed as a percentage, with 0% being the inhibition obtained in proteolytic assays from extracts incubated without inhibitors.
Insect bioassay
To examine the effects of SBTI during the development of C. capitata larvae, an artificial diet system was assessed. Artificial diets (500 mg each) were prepared using 10.4% finely ground sugar cane fibers, 3% wheat germ, 6.5% wheat flour, 12% crystal sugar, 9.9% yeast, 0.3% sodium benzoate (VETEC), 0.9% HCl and 57% H 2 O. Lyophilized SBTI at standard concentrations of 0.1, 0.5, 1.0, 2.0 and 4.0% (w/w) were added to the diet. The diets were presented to seven neonate larvae per diet in a dark glass vial at a controlled temperature of 2871 1C and 60-70% relative humidity in the growth chamber. After 5 days, the diets were opened and the mass and number of larvae were recorded and percentage of mass decrease and number of larvae decrease (mortality) were calculated in relation to mass and number of larvae found in control. The experiments were carried out with six replicates and the mean (7SEM) was calculated. Artificial control diets were prepared without SBTI. A completely random design was used and the comparisons of the means of the larval weight treatments were made by the Tukey's test at a 5% level of probability.
Larval gut activities in polyacrylamide gel containing 0.3% azocasein
This analysis was performed in SDS-PAGE (Laemmli, 1970) containing 0.3% azocasein. Gut homogenate of 2, 3, 4, 5 and 6 day old larvae and adult insects were used in gel activity assay. In gel inhibitory activity assay was used gut homogenate of 5-day-old larvae in presence of serine proteinase inhibitors (PMSF and SBTI). After running, the gel was transferred to 2.5% Triton X-100 solution, for 30 min at room temperature. The gel was then washed with 0.05 M Tris-HCl, pH 8.0 for 30 min and incubated at 40 1C for 60 min with 30 mL 0.05 M Tris-HCl buffer, pH 8.0. After incubation, the reaction was stopped by transferring the gel to a staining solution (Coomassie brilliant blue R-250 in methanol:acetic acid:water, 3:1:6, v/v/v) and then to a destaining solution (methanol:acetic acid:water, 3:1:6, v/v/v).
Results
Digestive carbohydrase activities during development of C. capitata
Peaks of specific carbohydrase activities for the disaccharides maltose and sucrose were detected on the 2nd ARTICLE IN PRESS and 3rd days of larval development and in adult insects, respectively (Fig. 1) . Peaks of specific b-galactosidasic activities were detected on the 2nd and 3rd and a-galactosidasic, on the 2nd day of larval development. b-galactosidasic and a-glucosidasic were predominant in adult insects ( Fig. 2A and B) . Enzymes with activities towards lactose, starch and inulin were not detected.
3.2. Digestive proteinase activities during development of C. capitata Fig. 3A shows values of total proteinase activity contained within the larval gut from the first to sixth post-hatch day, and in adult insects. Azocaseinase and hemoglobinase activities showed a noticeable increase on the 4th and 5th day. Two digestive proteinases were observed in SDS-PAGE containing azocasein mainly on the 4th and 5th day, and were barely noticeable on the 6th development day. The same two activity bands were present in the adult insect adult (Fig. 3B). 3.3. Detection of basic and acid proteinases and inhibitory assays to determine digestive enzyme classes in homogenate gut of 5 day old larvae One major acid hemoglobinase activity at pH 4.5 (Fig. 4A) and two acid azocaseinase activities at pH 5.5 and 6.5 (Fig. 4B) were detected in the C. capitata gut. Three basic azocaseinase activities were also observed at pH 8.5, 9.5 and 11.5 (Fig. 3B) . By means of inhibition of azocasein and hemoglobin hydrolysis, using specific inhibitors of four enzyme classes (serine, cysteine, aspartic and metalo-proteinases), the relative contribution of the inhibited classes of proteinases to total proteinase activity in the gut was observed (Table 1) . Azocaseinase gut activity at pH 9.5 was inhibited by 1,10-Phenanthroline (44.9%), a specific inhibitor of Metalloproteinase. The serine proteinase inhibitors SBTI and PMSF reduced gut azocaseinase activity by 90% and 83%, respectively. When testing TPCK, an inhibitor specific to chymotrypsin-like enzymes, and TLCK, specific to trypsin-like enzymes, inhibited gut azocaseinase activity at pH 8.5 by 87.4% and 61.8%, respectively. Gut azocaseinasec activity at pH 5.5 showed a slight inhibition by Iodacetamine (34.9%) and E-64 (20%), two cysteine proteinase inhibitors. Gut hemoglobinase activity at pH 3.5 was inhibited by pepstatin (28.8%).
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In vivo effect of SBTI on C. capitata larvae
Enzymes from C. capitata guts were strongly susceptible to SBTI in the in vitro assays, producing inhibition of 90%. Based on this in vitro enzyme study, standard feeding trial was carried out to assess the potential effects of SBTI on C. capitata larvae. Diet with SBTI was effective and reduced larvae mass at concentrations of 3% to 4%, with an ED 50 of 3.01%. The larvae were more affected at initial inhibitor concentrations of 0.25% and 0.5%, causing 20% mortality, but at high SBTI concentrations, mortality decreased to 10% (Fig. 5A) . development, as clear zones in the gel against a dark blue background. The clear zones in the gel disappear with the presence of PMSF, and in the presence of SBTI a retarded diffuse clear zone was observed (Fig. 5B ).
Discussion
To effectively establish a novel insect control strategy based on biocompounds (enzyme inhibitors, lectins, chitinases, chitin binding proteins and secondary metabolites) followed or not by transgenic plant methods, two initial steps are necessary: first knowledge of the molecule targets present in the insect's digestive or metabolite systems; and second, in vitro followed by in vivo assays using purified biocompounds. In this study, the biochemistry and physiology of the carbohydrate digestion of the Diptera Ceratitis capitata, a phytophagous pest, was characterized first by detecting the class of enzymes that hydrolyze polysaccharides, disaccharides and p-nitrophenyl glycosides and second by detecting the classes of proteolytic enzymes during larval development and in the adult insect gut. The knowledge gained about digestive enzyme classes was used to evaluate the response of this insect to compound inhibitors added to artificial diets, using serine proteinase classes as digestive enzyme targets.
Digestive glycosidases or carbohydrases are enzymes that remove monosaccharides from di-oligo-and/ or polysaccharides present in the diets of many insects. These enzymes are present in the insect guts of several orders and exo and endo types are probably expressed in agreement with the kind of diet used by the insect. In coleopterans, which feed on a diet rich in starch, the predominant endoglycosidases are the a-amylases (Ishimoto and Kitamura, 1989; Lemos et al., 1990; Grossi de Sa´and Chrispeels, 1997; Silva et al., 1999; Titarenko and Chrispeels, 2000; Cristofoletti et al., 2001) . In Lepdopterans, which feed on leaves, exoglycosidase(s)-like b-glycosidases are predominantly present (Marana et al., 2000) , and Hemipterans, which are plant feeders, use b-galactosidases to digest the carbohydrates present in their diet (Ferreira et al., 1998) . Dipterans, which feed on blood, use alkaline a-glucosidases during meal digestion (Dillon and Kordy, 1997) and those that feed on plants, use mainly b-galactosidases (Ferreira et al., 1998) . In C. capitata, the Diptera under study, high specific a-galactosidasic and b-galactosidasic activities using p-nitrophenyl glycosides, associated with enzymatic activities on maltose and sucrose, were observed in the 2nd and 3rd day of larval development. In gut of the adult insect gut higher specific enzyme activity on sucrose was detected associated with low specific b-galactosidasic and a-glucosidasic activities. These carbohydrase activities are likely attributable to exoglycosidases because they did not hydrolyze polysaccharides, only disaccharides and small molecules (Terra and Ferreira, 1994) . These results showed that the fruit feeder C. capitata, similar to plant feeders, use exoglycosidases, especially a-and b-galactosidasic to digest carbohydrates. The proteolytic enzymes are classified mainly as serine, cysteine, acid and metalloproteinase, using specific inhibitors. Acid and cysteine proteinases are predominantly detected in Coleopterans of the Bruchidae family (Lemos et al., 1990; Silva and Xavier-Filho, 1991; Girard et al., 1998; Koiwa et al., 2000) , but serine proteinases are also present in other families . In general, serine proteinases are the major enzymes detected in the guts of the Lepidoptera, Hemiptera, Homoptera and Diptera orders, but acid proteinases have been isolated as well . In order to verify which enzyme classes were present in the guts of larvae and adult C. capitata, azocasein and hemoglobin were used as substrates. Results showed that larvae and adult C. capitata rely on complex proteolytic systems for protein digestion, with a small contribution of aspartic and cysteine digestive proteinase activities while basic proteinase activities, especially serine proteinase, provide the major gut endoproteinases. During larval development, maximum specific azocaseinase activity at pH 7.5-8.5 was detected in the 5th day of larval life, and zymogram showed the presence of two alkaline proteinases on the 3rd day, with accentuated activity on the 5th day, disappearing on the 6th day, coinciding with the pupae period, and appearing in the adult insect gut. Similar patterns of specific digestive proteinase activity were also reported throughout the larval development of Lepidoptera (Broadway and Duffey, 1985) and in Coleoptera (Michaud et al., 1995; Blanco-Labra et al., 1996; Novillo et al., 1997; Alarcon et al., 2002) . In Diptera such as Lucilia cuprina (Casu et al., 1996) and Chrysomya bezziana (Muharsini et al., 2000) , two serine proteinases in the larval lumen sensitive to specific inhibitors of trypsin-like enzymes were detected and isolated. Differently in C. capitata, the serine proteolytic activities were more sensitive to specific inhibitors of chymotrypsin-like enzymes; this difference may be related to its diet or an adaptation of phytophagous species that feed on vegetables with few or no trypsin-like inhibitors (Terra and Cristofoletti, 1996) . Bioassays against Dipteran insect pests are scarce in the literature. For example, when SBTI was added at a concentration of 1.15% to artificial diets and offered to L. cuprina, an 80% reduction in larval weight (of $80%) was observed. This susceptibility can be explained by the fact that the major proteinase of these larvae is a trypsinlike serine proteinase (Casu et al. 1994; Casu et al., 1996) . When SBTI was assayed in vitro against C. capitata enzymes, an inhibition of 90% was detected; indicating the usefulness of this inhibitor in transgenic experiments. However, when SBTI was incorporated into artificial diets and offered to C. capitata larvae at WD 50 of 3.01% was observed, with a slight effect on larval mortality, in disagreement with the results obtained in vitro. This probably happens because insect pests adapt to host plant proteinase inhibitors by synthesizing proteinases that are either insensitive to inhibitors (Jongsma et al., 1995; Broadway, 1997) or have the capacity to degrade them (Michaud, 1997; Giri et al., 1998) . Zymogram using SBTI showed interactions between enzyme and inhibitor, with complex retardation during electrophoresis. This fact likely explains the instability of the enzyme-SBTI complex or the degradation of SBTI in the larval gut, promoting slight SBTI activity in vivo.
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Serine proteinases belong to multigene families that may have evolved to provide a more efficient mechanism for protein digestion as well as to provide an adaptive advantage for phytophagous species feeding on plants or artificial diets that contain proteinase inhibitors (Reeck et al., 1999) . This fact has been proved because the presence of large amounts of inhibitors, including SBTI (Bown, et al., 1997) , in the diets of pests has obliged insects to adapt and produce proteinases that are insensitive to the action of host plant inhibitors and the ingested proteinase inhibitors activate these serine proteinase genes (Dennis et al., 1994) . As a result, pest control using proteinase inhibitors requires the isolation of inhibitors that are also active towards these insensitive proteinases (Jongsma et al., 1996) . In this C. capitata model, the adaptive phenotypic plasticity of this insect likely provides increased production of insensitive proteinases because of inhibitor ingestion (Agrawal, 2001 ). This explanation may be supported in the complex digestive system of C. capitata larvae, which is based on serine proteinases, such as chymotrypsin and trypsin, with predominance of chymotrypsin-like enzymes. This favorable balance of chymotrypsin-like enzymes, insensitive to SBTI, supports the small effect of this inhibitor when incorporated into an artificial diet system.
